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Protein acetylation is a prevalent posttranslational modification that is regulated by diverse acetyltransferase enzymes. Although histone acetyltransferases (HATs) have been well characterized both structurally and mechanistically, far less is known about non-histone acetyltransferase enzymes. The human ESCO1 and ESCO2 paralogs acetylate the cohesin complex subunit SMC3 to regulate the separation of sister chromatids during mitosis and meiosis. Missense mutations within the acetyltransferase domain of these proteins correlate with diseases, including endometrial cancers and Roberts syndrome. Despite their biological importance, the mechanisms underlying acetylation by the ESCO proteins are not understood. Here, we report the X-ray crystal structure of the highly conserved zinc finger-acetyltransferase moiety of ESCO1 with accompanying structure-based mutagenesis and biochemical characterization. We find that the ESCO1 acetyltransferase core is structurally homologous to the Gcn5 HAT, but contains unique additional features including a zinc finger and an ϳ40-residue loop region that appear to play roles in protein stability and SMC3 substrate binding. We identify key residues that play roles in substrate binding and catalysis, and rationalize the functional consequences of disease-associated mutations. Together, these studies reveal the molecular basis for SMC3 acetylation by ESCO1 and have broader implications for understanding the structure/function of non-histone acetyltransferases.
Thousands of proteins are posttranslationally acetylated on lysine residues to mediate diverse biological processes (1) . The most well characterized acetylation substrates are histones, which package DNA within the nucleus and help to regulate gene accessibility (2, 3) . Extensive characterization of histone acetylation has highlighted the importance of this modification in epigenetic processes, which is catalyzed by histone acetyl-transferases (HATs) 2 (2, 3) . These HATs are categorized into subfamilies (HAT1, Gcn5/PCAF, MYST, p300/CBP, and Rtt109) based on sequence and substrate acetylation properties, all of which share a similar acetyl coenzyme A (Ac-CoA) binding core structure (4 -6) . More recently, numerous studies have been reported that emphasize the importance of non-histone protein acetylation in a diverse set of other cellular pathways (1), including sister chromatid cohesion (7) . During this process, the multi-protein complex cohesin forms a ring around sister chromatid pairs to ensure proper chromosome segregation during mitosis and meiosis (8) . In order for cohesin to form and maintain this three-dimensional "ring" structure, multiple acetylation events must occur on the cohesin subunit structural maintenance of chromosomes 3 (SMC3) (8 -10) . Although the functional consequences of SMC3 acetylation have been extensively investigated, the acetyltransferases that install this modification have not been characterized at the molecular level.
Although several non-histone proteins, such as p53 and FOXO, are also acetylation substrates of HATs, eukaryotes have also evolved a diverse set of non-histone acetyltransferases to help ensure proper posttranslational acetylation throughout the proteome (1, (11) (12) (13) (14) (15) (16) . In the case of SMC3, acetylation is performed by the establishment of sister chromatid cohesion acetyltransferases (ESCO1 and ESCO2 in human and Eco1 in yeast). The predicted catalytic cores of these enzymes share sequence homology with the Gcn5-related N-acetyltransferase (GNAT) family of proteins (17) , but have a unique N-terminal zinc finger that is conserved among all ESCO homologs. Interestingly, other non-histone acetyltransferases, such as ␣-tubulin acetyltransferase (18 -20) , also exhibit a GNAT core fold with distinct flanking regions proposed to participate in tubulin-specific substrate activity (19) . These findings suggest that ESCO proteins may utilize unique structural features to impart cohesion-specific substrate specificity (7, 21) .
In humans and other vertebrates, ESCO1 and ESCO2 both acetylate the head domain of the SMC3 cohesin subunit at Lys-105 and Lys-106, although they appear to have non-redundant activities (22, 23) . This is evidenced by the observation that loss * This work was supported by National Institutes of Health Grants R01 GM060293, R35 GM118090, and P01 AG031862 (to R. M.), T32 GM098910 (to G. P. L.), and K12 GM081259 (to Y. R-C.). The authors declare that they have no conflicts of interest with the contents of this article. The content is solely the responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health. of either ESCO protein cannot be rescued by the other variant (22, 23) . Notably, mutations in or overexpression of ESCO1 have been linked to endometrial and bladder cancer (24, 25) , respectively, and mutations in ESCO2 have been linked to Roberts syndrome, a childhood autosomal recessive disorder that causes mental and physical abnormalities (4, 23, 26, 27) . To elucidate the mechanistic details for acetylation by ESCO proteins, we report here the X-ray crystal structure of ESCO1. Together with biochemical and enzymatic studies, this structure reveals unique ESCO1 features that confer SMC3-specific acetylation and generates insight into the pathogenic nature of biologically relevant somatic mutations.
Results
Overall Structure of the ESCO1⅐Ac-CoA Complex-To obtain a soluble ESCO/Eco1 construct suitable for crystallization trials, we performed recombinant expression trials in Escherichia coli using yeast and human homologs of the enzyme and a variety of constructs thereof. Although the majority of these proteins were poorly expressed, we found that a human ESCO1 construct consisting of the predicted GNAT acetyltransferase domain as well as the invariant N-terminal C 2 H 2 zinc finger was soluble and monomeric (as judged by gel filtration chromatography), and therefore a good candidate for crystallization ( Fig.  1, A and B) . We were able to obtain crystals of this construct (human ESCO1 residues 599 -825) bound to cofactor acetyl-CoA (Ac-CoA) that formed in space group I4 1 and diffracted to a resolution limit of 2.70 Å. Initial molecular replacement trials were performed using other GNAT proteins as model solutions, but were unable to provide adequate structure solutions. We collected a highly redundant dataset at the zinc peak to take advantage of the natively bound zinc ion and were able to obtain experimental phases using the single wavelength anomalous diffraction method. The structure was subsequently refined to an R work of 0.248 and an R free of 0.291 and shows one ESCO1 molecule per asymmetric unit ( Table 1) .
The ESCO1 structure reveals a catalytic core containing the characteristic ␣/␤ motif (␤3, ␤4, ␤7, ␣3, and ␣4) that is common among GNAT proteins (classically designated as motifs A, B, and D) such as Gcn5 ( Fig. 1B ). An additional conserved feature is the cofactor binding cleft where Ac-CoA is wedged in a groove comprising the ␤-strands (␤7 and ␤8) and ␣-helices (␣3 and ␣4) of the GNAT core ( Fig. 1, C and D) . The N-terminal zinc finger consists of a hairpin loop followed by an ␣-helix (␣1), which fold around the zinc ion, which is ligated by amino acid ligands Cys-619, Cys-622, His-637, and His-641 (Figs. 1B and 2A). Although the zinc finger is tethered to the GNAT region through a loop and ␤-strand (␤1), this region also forms an extensive hydrophobic interface with the ␣2 helix and ␤7 strand of the GNAT core. In particular, Phe-640 and Phe-644 of the ␣1 helix make van der Waals contacts to Met-688, Trp-773, and Phe-775 of the GNAT core, and Gln-643 of the ␣1 helix makes a hydrogen bond to Asn-691 of the GNAT core ( Fig. 2A ) (28) . Another striking structural feature unique to ESCO1 is an extended "loop insert" (residues 727-766) between the ␤4 and ␤7 strands that extends away from the core and contains two short antiparallel ␤-strands (␤5 and ␤6) that form a hairpin (Fig. 1C) . Notably, the segment of the loop connecting these strands (residues 740 -753) could not be traced in the electron density map and is presumably disordered.
A structural alignment of ESCO1⅐Ac-CoA with the Gcn5⅐Ac-CoA⅐histone H3 peptide ternary complex structure reveals that although the core folds superimpose well (C␣ RMSD ϭ 3.60 Å), the structural features of Gcn5 that mediate interaction with the H3 substrate peptide (Gcn5 ␣1 helix and ␣5-␤5 loop) are FIGURE 1. Overall structure of ESCO1. A, schematic diagram of ESCO1 domain architecture. B, sequence alignment with ESCO1 orthologs with GCN5 for reference. Strictly conserved residues are highlighted in black, and highly conserved residues are boxed. C, overall structure, colored by domain, with zinc finger shown in orange, ␤4-␤7 loop insert shown in yellow, and GNAT fold shown in green (as depicted in A) with Ac-CoA shown in sticks and the zinc ion shown as a gray sphere. D, Ac-CoA binding region, with interacting secondary structures labeled. F o Ϫ F c simulated annealing omit map is shown around the cofactor, contoured at 3.0 . E, superimposition of ESCO1 and GCN5 (wheat) bound to histone H3 substrate peptide. not conserved in ESCO1 ( Fig. 1E) . Notably, the aforementioned ␤5-␤6 hairpin from the ␤4-␤7 loop insert of ESCO1 appears to replace one of the substrate peptide binding loops of Gcn5. Variability within this peptide binding cleft is common among GNAT proteins and has previously been shown to be a common mechanism for achieving substrate specificity (29, 30) . It is therefore likely that these regions are responsible for cohesin substrate recognition by ESCO1 ( Fig. 1E ).
ESCO-specific Structural Elements Contribute to Protein Stability and Activity-The packing of the ESCO1 zinc finger against the GNAT core suggests that it may play a role in the stability of the acetyltransferase domain. To test the functional importance of this interaction, three mutants were prepared (F640A, Q643A, and F644A) that we predicted would disrupt the interface based on structural analysis. For these and subsequent functional studies, we employed a larger ESCO1 construct (residues 590 -840) than used for crystal structure determination (residues 599 -825), which we found to be more stable and active than the construct used for crystallization and X-ray structure determination. We first tested the stability of these proteins using a thermal denaturation assay, which showed that the melting temperature of the wild-type protein (50°C) was indeed reduced by each these mutations (41, 47 , and 36°C, respectively) ( Fig. 2B ). Next, we sought to determine the effect of these mutations on catalysis by using a radioactive acetyltransferase assay that monitors transfer of a 14 C-labeled acetyl group from Ac-CoA to an SMC3 peptide (residues 97-117). The results from our enzymatic analysis demonstrated that these mutants have severely compromised activity, with F640A, Q643A, and F644A all showing an ϳ6-fold decrease in activity at 1 M protein concentration ( Fig. 2C ). Together, these findings demonstrate that the zinc finger plays a direct role in ESCO acetyltransferase domain stabilization and an indirect role in positioning of the accompanying active site residues.
We next questioned whether the ESCO-specific hairpin within the ␤4-␤7 loop insert region plays a role in protein function. Interestingly, although this loop is of variable length among ESCO1 homologs, there are several residues that appear to be moderately conserved and therefore may be important for substrate binding and/or catalysis ( Fig. 1B) . To test this possibility, we implemented the thermal denaturation and catalytic assay on a set of loop mutants to assess their effect on protein stability and activity. We identified three conserved residues in this region (Arg-732, Glu-735, and Glu-736) ( Fig. 1B ) that are required for optimal protein stability and activity (Fig. 2, B and C). Because this loop is located near the predicted peptide binding cleft, we propose that the mutations cause deficiencies in SMC3 substrate recognition. In either case, ESCO1 provides yet another example of how GNATs exploit distinct structural domains to regulate substrate-specific catalysis. 
PDB: 5T53
a Completeness values for data collection generated by Scalepack (47) . b Values in parentheses are percentile ranks from MolProbity server (48) .
We were also prompted to investigate the oligomeric state of ESCO1 by the observation of a symmetrical dimer in the crystal lattice ( Fig. 2D) . Specifically, the ␤5-␤6 hairpins from the ␤4-␤7 loop inserts wrap around one another and form an antiparallel ␤-sheet. This interaction also appears to be supplemented by contacts between residues within these loops (Glu-736 and Trp-756) and the putative cohesion substrate binding site of the adjacent subunit ( Fig. 2D ). Further analysis of the crystal lattice using the PDBePISA server is also consistent with a dimer, showing that the most stable assembly is a dimer with a buried surface area of 5,300 Å 2 and a ⌬G of dissociation of 23.9 kcal/ mol. To test the potential biological relevance of the crystallo-graphic dimer, we subjected ESCO1 to sedimentation equilibrium analysis in the absence or presence of Ac-CoA. Both of these samples showed a single sedimenting species with calculated molecular masses of 36,700 (with Ac-CoA) and 33,692 (without Ac-CoA), as compared with the theoretical molecular weight of 31,753 (28,950 protein ϩ 2,083 tobacco etch virus (TEV) sequence and His 6 tag). We also analyzed the WT enzyme with CoA and the SMC3 peptide and found its sedimentation to also be consistent with a single species corresponding to a size close to that of a monomer 38,401 (theoretical molecular weight protein, CoA and peptide ϭ 34,858) (Figs. 2E and 3). These results are consistent with the initial gel filtra- The GNAT ␣2 core (dark green), C 2 H 2 zinc finger contact residues (light green), and zinc ion (gray) are highlighted. B, results from thermal stability assays of ESCO1 WT and mutants. C, results from enzymatic activity assays of ESCO1 WT and mutants. Error bars are the standard deviation of triplicate assays. The dotted line represents values for ESCO1 WT. Blank represents reaction in the absence of enzyme. D, ESCO1 crystallographic dimer with interface residues shown as sticks in the same color scheme as in Fig. 1 . E, analytical ultracentrifugation analysis of ESCO1 with and without Ac-CoA, which is most consistent with the monomer simulation (blue). FIGURE 3. Sedimentation equilibrium analytical ultracentrifugation of ESCO1. ESCO1 (residues 590 -840) was analyzed at 4°C using interference optics in the Apo, Ac-CoA, and CoA (1 mM) ϩ SMC3 peptide (1 mM) states at three different centrifugation speeds (12,000, 18,000, and 26,000 rpm) and three different protein concentrations (30, 58 , and 118 M). The data for each speed were collected in quadruplicate. The viscosity of the samples was estimated using Sednterp (43, 44) , and the most representative runs were included to calculate theoretical molecular masses using the program HeteroAnalysis. The data are summarized in Fig. 2E . tion analysis (data not shown), which together suggest that ESCO1 exists predominantly as a monomer in solution.
SMC3-specific Acetylation Is Governed by a Unique Active Site Architecture-Because GNAT proteins have been shown to exploit a variety of residue identities and locations to achieve lysine deprotonation, it is difficult to determine which amino acids in ESCO1 are important for catalysis from protein sequence alignments alone (29, 30) . Therefore, we used structure-guided analysis of the active site to identify several residues that are positioned to potentially play catalytic roles. We specifically focused on Asp-690, Glu-725, Ser-770, Arg-771, Ser-809, and Asp-810, all of which have the potential to be involved in the proton transfer step of the acetylation mechanism (Fig. 4C) based on their location relative to Ac-CoA. To probe the catalytic contributions made by each of these residues, we prepared a series of point mutants and analyzed their effect on protein stability and catalytic activity.
Although protein stability varied depending on the mutation site, each of the mutants appeared to be properly folded based on their gel filtration elution profiles. Although the steady state catalytic parameters could be determined for the wild-type enzyme (k cat ϭ 0.34 Ϯ 0. 03 min Ϫ1 , K m , Ac-CoA ϭ 77 Ϯ 14 M, K m , SMC3 peptide ϭ 53 Ϯ 8 M), we could not calculate these values for the mutants due to assay detection limits. Therefore, the activity levels were represented as the concentration of product present at the end of each reaction. Surprisingly, all mutations showed low levels of activity (2-9-fold decreases relative to WT), including E725Q, which had no measurable effect on protein stability (Fig. 2, B and C) . We next sought to tease out the function of these residues in catalysis, which could be related to substrate binding, lysine deprotonation, or both. Two residues that are particularly well positioned to function as general base residues are Glu-725 and Asp-810. To elucidate the role of these amino acids in catalysis, we calculated the activity of corresponding point mutants at different pH values ranging from 5.5 to 11.0 (Fig. 4, D and E) . These assays show that although the E725Q mutant is inactive at all pH values tested, activity for the D810N mutant can be rescued (albeit to a lower degree than WT) as pH values that approach 10, where lysine deprotonation can occur spontaneously. This is strong evidence that Asp-810 contributes to general base catalysis. The possibility that other residues such as Asp-690, Ser-770, Ser-809, and particularly Glu-725, also contribute to lysine deprotonation cannot be ruled out. We also note that Arg-771 is in a position to act as a general acid in the catalytic mechanism. Additionally, these residues could be involved in substrate peptide recognition.
To gain further insight into substrate peptide binding, we analyzed a superposition of the ESCO1⅐Ac-CoA complex with the ternary Gcn5⅐CoA⅐histone H3 peptide complex. We then used this alignment to generate a model for how a substrate peptide might engage ESCO1 (Fig. 5, A and B) . When docked onto a surface representation of ESCO1, the substrate lysine (H3K14) extends into a narrow tunnel leading into the active site where the ⑀-amino group is presented to the reactive moiety of Ac-CoA. Additionally, the backbone of the peptide traces down a groove in the enzyme that we predict to be the SMC3 binding cleft. Although there are clear clashes between ESCO1 and the H3 peptide backbone, conformational flexibility in both ESCO1 and the SMC3 peptide would allow the enzyme to accommodate its cognate substrate in a fashion analogous to Gcn5. Moreover, the model suggests that regions of the peptide that are distal to the acetylated lysine residues would come into contact with the ␤5-␤6 loop insert region of ESCO1, consistent with our mutagenesis results. We therefore propose that SMC3 specificity is achieved by an intimate protein-peptide interaction interface that includes the globular domain of the enzyme as well as a more unstructured ␤4-␤7 loop insert region. 
Implications for Pathogenic ESCO Mutations-The ESCO
catalytic domain featured in this study is the site of a number of missense mutations that are linked to diseases such as Roberts syndrome and endometrial cancer. Using a structure-guided approach, we aimed to gain a better understanding of the functional consequences of these mutations. One example of this is the R786C mutation that is found in certain endometrial cancers. This residue lies in the ␣3 helix of ESCO1 and forms a hydrogen bond to the backbone carbonyl of Lys-781 within the same helix, as well as van der Waals contacts with Phe-711 in the ␤5 strand and Tyr-662 of the zinc finger (Fig. 5C ). This extensive network of interactions within the GNAT core would not be sustained by a mutation to cysteine at this position, which is corroborated by our observation that the R786C mutation shows reduced thermal stability (by 10°) and acetyltransferase activity (by ϳ6-fold). Although the ESCO mutations that are classically observed in Roberts syndrome typically occur in ESCO2, the mutation sites are strictly conserved between these proteins. We generated these mutants recombinantly, W773G (W539G in ESCO2) and G815R (G581R in ESCO2), to probe their role in ESCO activity. The structure shows that Trp-773 is a part of the aforementioned hydrophobic network that mediates the interaction between the GNAT core of ESCO1 and the zinc finger (Fig. 5C ). This residue is also in a position to make additional hydrophobic contacts with residues Ile-685, Val-689, Leu-693, Val-718, and Cys-781 in the ␣2 helix, making it a linchpin in the overall fold of the enzyme. Not surprisingly, the W773G mutant shows a large decrease in thermal stability (ϳ11°) and enzymatic activity (ϳ7-fold). The other residue that is sensitive to mutation in Roberts syndrome (Gly-815) is located in the ␣4 helix near a hydrophobic pocket formed by Phe-808, Phe-818, and Pro-881. This residue is also in close proximity (ϳ5 Å) to the sulfur atom of Ac-CoA. The G815R mutation could potentially disrupt this hydrophobic pocket as well as interfere with Ac-CoA binding through steric clashes. Although we found that this mutant had no effect on protein stability, we did observe an ϳ3-fold decrease in activity. This comprehensive analysis of disease-associated ESCO mutants shows that these missense mutations occur throughout the catalytic core at positions that are important for structural stability and enzyme catalysis. 1QSN) . C, ESCO1 and ESCO2 residues that are mutated in disease are highlighted in light green CPK coloring, and nearby interacting residues are shown.
Discussion
To date, structural and biochemical characterization of lysine side-chain acetylation has been carried out predominantly in the context of HATs and their cognate substrate peptides. These studies have revealed a conserved Ac-CoA binding core with divergent N-and C-terminal flanking regions that have the potential to mediate substrate binding and catalysis. However, the substrate peptide scope of these studies typically does not extend beyond polycationic histone tails. The ESCO1 catalytic domain reported here represents only the second structure of a eukaryotic enzyme that is dedicated to the acetylation of non-histone lysine substrates, the first structure being that of the ␣-tubulin acetyltransferase, ␣TAT1 (19, 20) . Notably, ESCO1, ␣TAT1, and Gcn5 all fall into the GNAT family of proteins and, accordingly, follow the same core architectural rules. However, the crystal structure of ESCO1, together with that of ␣TAT1, shows that non-histone acetyltransferase members of this family diverge from Gcn5 and other HATs in a variety of ways, including variable N-and C-terminal flanking regions, large loop insertions, and substrate peptide binding pocket geometry (Fig. 1E) . A structural alignment between ESCO1 and ␣TAT1 shows that the ␤4-␤7 loop insert region described here is conserved in ␣TAT, where it has been proposed to result in a wider substrate binding groove than Gcn5 and other HATs (19) (Fig. 6 ). Our study suggests that this could be a common feature that is exploited by non-histone acetyltransferases to prevent acetylation of histone tails.
The catalytic mechanism of lysine acetyltransferases typically involves one or more general base residues to initiate deprotonation of the substrate ⑀-amino group, which facilitates the acetyl transfer reaction (29, 30) . Our activity assays are consistent with the conclusion that Asp-810 participates as a general base in the ESCO1 catalytic mechanism. Specifically, we found that an isosteric mutation to a residue that cannot serve as a general base at this position (D810N) severely hinders catalytic activity, and that acetylation by this mutant can be partially rescued at pH values where the substrate lysine would naturally exist in the deprotonated state (pH ϳ10). Furthermore, in a three-dimensional alignment with ␣TAT1, this residue aligns very closely to Asp-157, which plays a general base role in tubulin acetylation. Interestingly, the Asp-810 residue in ESCO1 is not strictly conserved among ESCO homologs (Fig.  1B) , which suggests that other residues may also have the potential to contribute to substrate lysine deprotonation (19, 20) .
Notably, much like ␣TAT1, the in vitro k cat that we determined for ESCO1 (0.34 Ϯ 0.03 min Ϫ1 ) is on the order of 100fold slower than that of typical HAT enzymes. We suspect that this does not reflect the rate of this enzyme in vivo, where several extrinsic factors may contribute to catalysis such as other domains of the ESCO1 protein or the intact SMC3 substrate. There are also studies showing that the ESCO proteins can associate with chromatin during cohesin acetylation, which may add another layer of activity regulation (31) . Additionally, we note that acetyltransferases typically exist in the context of larger protein complexes in vivo to achieve optimal catalytic activity. This phenomenon is exemplified by several HATs (Sas2, Hat1, and HBO1) and N-terminal acetyltransferases (NatA, NatB, and NatC), which exhibit great enhancement in k cat in the presence of binding partners in vitro and in vivo (4 -6, 19, 20, 32-37) . We therefore hypothesize that the N-terminal region of ESCO1, as well as the ␤4-␤7 loop insert, may be crucial docking sites for allosteric modulators of acetyltransferase activity. Indeed, recent studies have shown that other proteins (Pds5A and Pds5B) are required for SMC3 acetylation in cells (22, 38) .
In the course of preparing this manuscript, another structure, along with limited biochemical characterization of ESCO1 (residues 654 -836), was reported by Kouznetsova et al. (39) . The ESCO1⅐Ac-CoA structure reported by Kouznetsova et al. does not contain the zinc finger but contains an extended C-terminal region of ϳ10 residues that form a ␤-strand between ␤8 and the ␤4-␤7 loop insert region. The ␤5 and ␤6 strands are also more extended in the Kouznetsova et al. structure than in the one reported here. Despite these differences, the two structures superimpose well with an RMSD of 0.8 Å 2 for all atoms in common. Beyond the similarity of the overall structures, the Kouznetsova et al. study draws two significantly different conclusions then the studies reported here regarding the dimerization state and catalytic mechanism of ESCO1. The (45)) plotted from Ϫ65 kiloteslas (red) to ϩ65 kiloteslas (blue) shows the large areas of positive charge on ␣TAT1 suitable for interacting with negatively charged substrates as compared with ESCO1.
the shape of one of the three observed crystallographic dimers, leading the authors to conclude that this dimer is biologically relevant. This conclusion is inconsistent with the analytical ultracentrifugation data, presented here ( Figs. 2E and 3) , demonstrating that ESCO1 (residues 590 -840) is predominantly monomeric, independent of whether Ac-CoA or peptide substrate is bound. The fact that the three Kouznetsova et al. ESCO1 dimers and the crystallographic dimer that we observe are all different suggests that ESCO1 may indeed form dimers under certain circumstances, for example when engaging Smc3 head domain homodimers of cohesion for acetylation, although the nature of that dimer may be influenced by cognate substrate and/or protein cofactor binding (such as Pds5A and/or Pds5B). We also note that the ESCO1 fragments analyzed by Kouznetsova et al. and our study only represent about one-fourth of the intact protein, and it is also possible that other regions of ESCO1 may also influence its oligomerization state. Kouznetsova et al. (39) also conclude that ESCO1 employs a catalytic mechanism of substrate-assisted catalysis, whereby glutamate residues located at variable distance from autoacetylated ESCO1 lysines and Asp-114 located adjacent to Lys-112 and Lys-113 of yeast Smc3 substrate act as general base residues for catalysis. Such a mechanism has not been observed for any other acetyltransferase, and these findings are also in disagreement with the finding reported here (Fig. 4E ) that Asp-810 (and potentially other ESCO1 residues) plays an important role in general base catalysis by ESCO1. We propose that the decrease in lysine acetylation upon alanine substitution of adjacent Glu/ Asp residues observed by Kouznetsova et al. disrupts substrate binding as opposed to the catalytic rate of the reaction.
Taken together, the unique ESCO enzyme scaffold and accompanying biochemical characterization described here will be useful in understanding the role of ESCO1 in cohesion establishment, the development of small molecule probes for ESCO1, and the identification of auxiliary components that are important for ESCO protein function.
Experimental Procedures
ESCO1 Expression and Purification-Different N-and C-terminal truncation constructs of ESCO1 were amplified from human cDNA (generous gift from Paul Lieberman) and subcloned into a modified pETDUET vector with an N-terminal TEV protease-cleavable hexahistidine tag. Each construct was then transformed into Rosetta (DE3) pLysS competent E. coli cells. The cells were cultured at 37°C until they reached an A 600 of 0.6 -0.8 and induced for protein expression with 0.5 mM isopropyl 1-thio-␤-D-galactopyranoside. The induced cells were cultured at 18°C after induction for ϳ16 h. The cells were harvested and lysed by sonication in affinity loading buffer containing 25 mM Tris (pH 8), 500 mM NaCl, 5 mM ␤-mercaptoethanol (␤-mercaptoethanol), and 10 g/ml phenylmethylsulfonyl fluoride. The resulting lysate was clarified by centrifugation and loaded over nickel resin (Thermo Scientific). The resin was washed with Ͼ20 resin volumes of wash buffer (loading buffer supplemented with 25 mM imidazole). ESCO1 was eluted using the wash buffer supplemented with 400 mM imidazole. The eluted protein was subjected to TEV proteolysis during dialysis into 25 mM Tris, pH 8.5, 200 mM NaCl, and 10 mM ␤-mercap-toethanol for 16 h at a final TEV concentration of 6 g/ml. This solution was passed through Ni-NTA resin to remove the His 6tagged TEV protease as well as any uncut ESCO1. The resin was then washed with approximately 7 column volumes of dialysis buffer supplemented with 25 mM imidazole, which was pooled with the initial flow-through. This solution was dialyzed into buffer for size exclusion chromatography containing 25 mM HEPES, pH 7.0, 200 mM NaCl, and 1 mM tris(2-carboxyethyl)phosphine (TCEP) for ϳ16 h. This was concentrated to a volume of 500 l (10-kDa concentrator; Amicon Ultra, Millipore), and chromatographed on a Superdex 75 prep gel filtration column (GE Healthcare). Peak fractions were concentrated to 10 mg/ml as measured by UV 280 for crystallization trials. Single point ESCO1 mutants were generated using the Stratagene QuikChange protocol and purified using the same strategy described above.
ESCO1 Crystallization and Structure Determination-ESCO1 (residues 599 -825) at 10 mg/ml was co-crystallized with 1 mM Ac-CoA using hanging drop vapor diffusion in a drop containing a 1:1 v/v mixture of protein to crystallization solution (8% PEG 8000, 0.1 M HEPES, pH 7.5, and 10% ethylene glycol) at 25°C. Crystals were transferred to a mother liquor supplemented with glycerol in 5% increments (5, 10, and 15%) for 1 min at each concentration and flash-cooled in liquid nitrogen.
Data were collected at beamline X25 at the National Synchrotron Light Source (Brookhaven National Laboratory) and processed using HKL3000 (40) . A single crystal was used for two datasets (one high-resolution and one zinc phasing crystal). The crystals survived very well under the beam, and we were able to collect 1,000 frames (in a single wedge) at 0.9°oscillation, with no apparent deterioration in linear R factor or diffraction intensity per frame. This coupled with the high symmetry resulted in high redundancy. Initially, we attempted to determine the structure using a library of known acetyltransferase crystal structures as molecular replacement models. This strategy was unable to yield a solution sufficient for model building, and so we next collected a high redundancy dataset at the zinc peak wavelength to exploit the inherent zinc ion for experimental phasing. The Hybrid Substructure Search in Phenix was used to identify a single zinc site in the asymmetric unit. This site was used to generate initial electron density maps in Phaser, which were improved by density modification as implemented in Resolve (performed sequentially in Phenix AutoSol). The resulting maps were of high quality, and manual model building was carried out in Coot. Once the initial model was complete, it was used as a molecular replacement solution for a high-resolution dataset that was subsequently refined using iterative rounds of Phenix (41) . Crystallographic refinement and manual model building were carried out in Coot (42) . Residues 695-700 were not observed in the electron density and therefore not modeled. Residues 740 -754 were initially modeled, but the electron density was too ambiguous to confidently fit the entire loop, so it was omitted from the final structure. Finally, a simulated annealing composite omit map was generated to check for any errors in the final model.
Acetyltransferase Assay-ESCO1 acetyltransferase assays for wild-type and mutant ESCO1 enzymes (residues 590 -840) were carried out with 1 M enzyme at 25°C for 4 h in 25 mM Tris, pH 8.0, and 50 mM NaCl. For k cat and K m determination for peptide, near saturating concentrations of Ac-CoA (1 mM) were used in all enzymatic reactions, and the substrate peptide (NH 2 -SLRRVIGAKKDQYFLDKKMVT-COOH; GenScript) concentration was varied from 10 to 1,000 M. For k cat and K m determination for Ac-CoA, near saturating concentration of peptide (1 mM) was used in all reactions, and the substrate Ac-CoA concentration was varied from 10 to 200 M. The residues of the peptide used correspond to the SMC3 sequence around Lys-105 and Lys-106. Because this peptide had an overall positive charge, this substrate was compatible with our filter binding assays that involve binding of the radiolabeled peptide to a negatively charged nitrocellulose filter prior to scintillation counting. Specifically, in the assay, radiolabeled [ 14 C]acetyl CoA (4 mCi mmol Ϫ1 ; PerkinElmer Life Sciences) was mixed with the substrate peptide and allowed to incubate with enzyme in a 50-l reaction volume at 25°C. To quench the reaction, 20 l of the reaction mixture was added to P81 paper discs (Whatman), and the paper discs were immediately placed in wash buffer. Washes were then carried out three times in 10 mM HEPES, pH 7.5, with each wash lasting 5 min, to remove un-reacted Ac-CoA. The papers were then dried with acetone and added to 4 ml of scintillation fluid, and the signal was measured with a Packard Tri-Carb 1500 liquid scintillation analyzer. Background control reactions were performed in the absence of enzyme. Reactions were also performed in the absence of the enzyme to ensure that the signal was not due to autoacetylation of the peptide substrate, and the values were subtracted from each one of the reaction samples. All reactions were performed in triplicate. All radioactive count values were converted to molar units with a standard curve created with known concentrations of radioactive Ac-CoA added to scintillation fluid. Data fitting to the Michaelis-Menten equation was carried out using the GraphPad Prism 5 software.
Thermal Denaturation Assays-Thermal denaturation assays to measure the thermal stability of ESCO1 WT and mutants (residues 590 -840) were performed by monitoring fluorescence change using the dye SYPRO Orange (Life Technologies) while heating the protein. The protein sample mixture contained 20 l of 0.1 mg/ml ESCO1 WT or mutants and 1 l of 1:10 diluted SYPRO. The temperature was gradually increased from 20 to 95°C using 1°C-intervals using a Q-PCR 7900 system. The change in fluorescence was measured using the TAMRA setting in the Q-PCR 7900 system.
Analytical Ultracentrifugation-Sedimentation equilibrium analytical ultracentrifugation experiments with ESCO1 (residues 590 -840) were performed at 4°C with interference optics using a Beckman Optima XL-I analytical ultracentrifuge. The rotor used was a four-hole rotor containing six-channel centerpieces with sapphire windows, spinning at 12,000, 18,000, and 26,000 rpm. Protein samples were analyzed at protein concentrations of 30, 58, and 118 M in gel filtration buffer (25 mM HEPES, pH 7.0, 200 mM NaCl, 1 mM TCEP) for Apo, 1 mM Ac-CoA, and 1 mM CoA/1 mM SMC3 peptide. The data for each speed were collected in quadruplicate. The viscosity of the samples was estimated using Sednterp (43, 44) , and the most rep-resentative runs were included to calculate theoretical molecular masses using the program HeteroAnalysis.
